Dynamic soaring of a sailplane in the earth's atmospheric boundary layer was computationally investigated over a range of conditions to explore the feasibility of flying over a large vertical extent over open fields. A point-mass sailplane model was studied as well as a full six degree-of-freedom (6-DOF) piloted sailplane model. For the point-mass model, parameter sweeps were performed around a baseline 3-m (9.58-ft) wingspan sailplane having a weight of 15 kg (33 lb) and aspect ratio of 20.
I. Introduction
Soaring can be defined as flight in which an internal thrust mechanism is not present. The aircraft thus needs to be capable of extracting energy from the atmosphere if it has to stay aloft. The earliest observations of soaring were made by Lord Rayleigh based on the flight patterns of birds.
1 He hypothesized that the wind must be non-uniform in order to gain energy from the atmosphere. The flight of albatrosses in particular seemed to point toward a consistent mechanism for extracting energy from vertical wind gradients. The maneuvers involved in albatross flight were studied, and dynamic soaring as a mechanism for extraction of energy from wind shear was investigated. Hendriks 2, 3 showed that dynamic soaring orbits that are periodic with respect to energy are possible.
Finding the minimum wind shear required to perform dynamic soaring posed a challenging numerical problem because of the coupled and nonlinear nature of the equations of motion. Optimal control was used to demonstrate that the shear commonly present over open seas was sufficient to allow an albatross to perform dynamic soaring. 4 Barnes 5 formulated classes of trajectories that simulated orbits flown by albatrosses in their daily flights. Lissaman 6 considered the cases of a step increase and continuous variation of wind speed in the boundary layer. He derived expressions for the minimum wind shear required for dynamic soaring in these conditions. More recently, Denny 7 studied dynamic soaring from a simplified point of view assuming a constant lift-to-drag ratio and dividing the trajectory into segments.
For full-scale aircraft, it was shown by Sachs, 8 that dynamic soaring by full-size sailplanes is possible with values of wind shear found near mountain ridges. Nonlinear optimal control methods have also been used to model dynamic soaring as an optimization problem with the final time and altitude as cost functions for fullsize UAVs. 9 This approach for a full-sized UAV 9 was extended by Akhtar, et al., 10 wherein they developed trajectory tracking algorithms that could be implemented in realtime. Dynamic soaring for powered airplanes with the goal of minimizing the thrust required has been studied using parameter optimization.
11 Gordon 12 presented results from full-scale tests and computer simulations of an L-23 Super Blanik sailplane. Utilization of dynamic soaring by humans has been largely limited to radio controlled (RC) sailplanes because of the high flight speeds required in close proximity to the ground. As reported by Wurts, 13 he pioneered RC sailplane dynamic soaring in wind shear developed on the leeward side of a windy ridge. Flight speeds near 322 km/hr (200 mph) were reported by him. In an interesting article, Fogel 14 speculates on the possibility of dynamic soaring using RC sailplanes, apparently not aware that it had already been successfully performed. Since this point, dynamic soaring of RC sailplanes has been an ongoing subject of research. Sachs and Mayrhofer 15, 16 discuss optimal trajectories for RC-size sailplanes flying in wind shear like that over a ridge. Wurts collaborated with Boslough 17 who conducted dynamic soaring tests and computer simulations on an 2.4-m (8-ft) span RC sailplane. Parle 18 conducted preliminary flight tests with an RC sailplane and published data showing successful completion of energy conserving oval trajectories. Pilots flying RC sailplanes in dynamic soaring conditions over mountain ridges have continued to push flight speeds to higher limits. In fact, the current highest recorded speed is set at 716 km/hr (445 mph). ‡ ‡ As reported on the website http://www.rcspeeds.com/, the top three speeds set by three different pilots for dynamic soaring with RC sailplanes are 716, 689, 647 km/hr (445, 428, 402 mph). These records were all set this year at Weldon Hill, Lake Isabella, CA with the same sailplane design -Kinetic100 having a 2.54-m span (100 in), aspect ratio of 13.69, and wing loading of 11.9 kg/m 2 (39 oz/ft 2 ).
As shown in this paper, rather than exploiting the effects of dynamic soaring to dramatically increase flight speed, the energy gain can be used to fly over nearly the entire vertical extent of the atmospheric boundary layer over open fields, that is, from ground elevation to surprisingly high altitudes.
19 Throughout the remainder of this paper, this kind of dynamic soaring will be called 'high-altitude dynamic soaring.' A baseline 3-DOF point-mass sailplane model is defined and used in a high-altitude dynamic soaring analysis. Trends are presented and discussed to illustrate the dependence of dynamic soaring performance on both the aircraft and orbit-trajectory parameters. These results are extended to a full 6-DOF realtime flight simulation to validate the possibility of performing high-altitude dynamic soaring over windy open fields like those found all over the Midwestern United States.
II. Point-Mass Dynamic Soaring Model

A. Mathematical Formulation and Trajectory Prescription
The development of the method presented in this section closely follows that presented by Barnes.
5 The wind is assumed to be directed along the negative x-axis from left to right. The equations of motion used in much of the research on dynamic soaring 5, 7, 9, 17, 20 are most conveniently expressed in the wind-aligned (wind-fixed) axis system 21 as
where γ is the flight path angle, φ is the bank angle, and ψ is the heading. The termU can be expanded as
The full term mU cos γ cos ψ on the left hand side in Eq. (1) can be termed the "dynamic soaring thrust."
5
The name is used in this development because this force term increases the airspeed when the aircraft is gaining energy from dynamic soaring. The second term in Eq. (1) represents the force due to gravity, and the third term is the drag. While Barnes uses the term dynamic soaring thrust in the wind-aligned axis for the aforementioned quantity mU cos γ cos ψ, the physical interpretation of mU cos γ cos ψ is not immediately easy to grasp. However, it is clear in the body-fixed system that the inertial speed and wind speed sum up to produce a relative wind that gives rise to forward tilting of the lift vector in the direction of flight (lift is perpendicular to relative wind). This effect is shown in Fig. 1 . The component of this lift in the direction of flight produces in effect "thrust," that is, dynamic soaring thrust. Whether this force is resolved in the wind-aligned or body-fixed system, it is this force that gives rise to energy extraction from wind shear, in this case, wind shear in a atmospheric boundary layer. As long as there is misalignment between the relative wind and inertial speed as shown in Fig. 1 , there will be "thrust" that literally propels the airplane forward. But as the wind begins to overcome the sailplane and cause it to drift downwind, the misalignment goes to zero and the energy extraction stops at that point and energy dissipation returns.
Continuing with the development in Ref. 5 , the heading can be related to the velocity and wind-relative radius of curvature byψ
where r is the airplane-relative turn radius on the ground. The load factor and the bank angle are given by
The aircraft position in the ground frame can be found by integrating the velocities along the inertial axes. The velocities in this reference frame can be expressed in terms of the heading ψ, flight path angle γ, airspeed V , and wind speed U asẋ
For the aircraft to gain energy from dynamic soaring, the dynamic soaring thrust term from Eq. (1) must be positive for a substantial portion of the orbit. Moreover, in that equation it can be seen that to satisfy this condition, the flight path angle should be positive when the aircraft is facing the wind and negative otherwise. Thus, the aircraft must ascend upwind in the atmospheric boundary layer and descend downwind on return-the "dynamic soaring rule."
5 Mathematically, this can be expressed by
These equations of motion are solved for a family of prescribed trajectories to gain insight relating sailplane parameters to dynamic soaring performance. The prescribed trajectories used here are those parameterized by Barnes and structured such that the aforementioned dynamic soaring rule is enforced. To this end, the flight path angle γ is related to the heading angle ψ through a series of convenient transformations, each operating on the previous one, viz
The expressions given in Eq. (9) are shown graphically in Fig. 2 . As seen in the last equation, γ 1 defines the maximum possible value for the flight path angle along the orbit. Thus, γ 1 has significant physical influence on the trajectory, and its effects will be explored later in Section IV. The parameter γ 2 is used to "squash" the orbit causing the lower part of the trajectory to flatten near the ground. This trajectory "squash" causes the aircraft to spend more time near the ground, and thereby in Barnes' case it causes the albatross trajectory model to skim the surface for a longer period of time and simulate albatross feeding behavior on the wing. Finally, the orbit begins above the surface at a prescribed height, which is called here the dwell height z D . 
B. Wind Shear Model
The wind shear in the atmospheric boundary layer has a significant impact on dynamic soaring performance. It is the shear that the airplane uses to gain energy when following a favorable dynamic soaring trajectory.
Thus, an accurate model of the wind profile is needed. A logarithmic profile was chosen as this is most applicable to measurements near the surface of the earth. 22 The logarithmic profile used is given by
where U (z) is the wind speed at height z, and U ref is the wind speed at the reference height z ref .
The variable z 0 is the aerodynamic roughness length or the roughness factor. It is an experimentally derived constant that accounts for the kind of surface over which the wind is blowing. Typically, a higher value of the roughness length indicates more obstructions on the surface such as trees and buildings. Table 2 shows sustained winds averaging near ≈15 m/s (33.6 mph) at Willard Airport, Champaign, IL 23 on a specific day.
C. Numerical Solution Methodology
These equations of motion together with the system model that included the airplane, wind profile, and defined trajectory are solved iteratively as outlined in the flowchart shown in Fig. 5 . In the method, an orbit is defined as starting at the dwell height z D in a banked turn, climbing into the wind to maximum height, then diving back downwind to the dwell height, albeit at some distance downwind relative to where it began. The entire formulation is framed around making the reference wind speed U ref the dependent quantity such that an energy conserving orbit is produced. Thus, the code iterates on the reference wind speed U ref until an energy conserving orbit is obtained, that is, until the energy is the same at the orbit initial and final conditions. This primary orbit solver was included in a "wrapper" code that allowed for simultaneous sweeps on two parameters, with mass always being one of the parameters. Many parameter sweeps were performed with the code, and these results are discussed later in Section IV. The method was validated against results from Barnes, 5 in particular the "circular zoom" albatross case reported therein. For this particular case, the prescribed orbit trajectory produces a circular ground trace in the moving vehicle (albatross) frame of reference. Thus, if there were no wind, the prescribed trajectory ground trace would be a circle, thereby having a constant aircraft-relative turn radius.
The physical parameters used to model an albatross are defined as in Table 3 . The specific wind model used by Barnes 5 is an exponential wind profile rather than the one used in the current results [see Eq. (11)]. For the Barnes wind model, the wind speed U at height z is given by Finally, the initial conditions are defined by these dwell conditions:
The defining trajectory coefficients γ 1 and γ 2 are given by
and the aircraft-relative turn radius r for the trajectory was set at 40 m -a constant.
The code runs with all of these parameters as input, iterates on U ref to find the energy-conserving orbit (if one exists), and then saves the final 3D trajectory, resulting U ref , and the orbit time history for one cycle. Figure 6 is the three-dimensional depiction of the orbit as seen by an inertial observer. In this graphic, a airplane representing the albatross is drawn with a wingspan five times that of the albatross. To give a sense of speed, the airplane is drawn every 3 sec along the trajectory. Figure 7 shows the model albatross state characteristics as a function of heading ψ (as a surrogate for time). These results match the same case presented by Barnes. Figure 5 . Flowchart illustrating method to find energy conserving orbit.
Briefly, Fig. 6 shows the resulting trajectory starting at the dwell conditions. At this particular moment, the albatross is flying crosswind before turning and climbing upwind. From the peak, the albatross flies downwind to a point further downwind than where it began. As Fig. 7 shows, the maximum airspeed V is near 25 m/s (55.9 mph) at the dwell condition. Interestingly, throughout the orbit, the total energy (energy height h e ) and lift-to-drag ratio L/D stay nearly constant. The load factor n reaches a peak near 2 before dwell height and then unloads to a value of 1 at peak altitude. In maintaining near constant total energy, the balance between kinetic energy (wind relative) and height is clearly seen. The distance from start-to-finish is 69.8 m, taking 11.8 sec for an average downwind transit speed of 5.9 m/s (13.2 mph). . Albatross dynamic soaring orbit parameters for one orbit (see Fig. 6 ).
III. High-Altitude Dynamic Soaring -Baseline Case
The objective of this study was to investigate the feasibility of attaining high altitudes over open fields using dynamic soaring. A large parameter space was explored to define a baseline that ultimately achieved a high altitude of 185.1 m (607.3 ft). This exploratory process was based in part on experience gleaned while using a piloted realtime flight simulator discussed in Section V. The properties of the resulting sailplane, having a 3-m wingspan, are given in Table 4 . It is representative of rather typical dynamic soaring capable sailplanes that are generally characterized by both high wing loadings and high maximum lift-to-drag ratios.
In defining the baseline orbit, practical considerations were taken into account in setting the dwell conditions. Flying in the strongest wind shear close to the ground is beneficial in dynamic soaring, but piloting skills must be considered. Experience has shown that ≈2-m ground clearance offers a skilled competitionlevel pilot enough margin for error in maneuvering at the high zoom speeds near ground under a variety of conditions. With these factors in mind, a conservative dwell height of 5 m was used. This height is the position of the aircraft center of gravity, yielding a tip clearance of 3.5 m for the 3-m wingspan baseline sailplane. The dwell speed was set at 65 m/s (145 mph) which is well within the capabilities of pilots having experience with dynamic soaring conditions over mountain ridges. Thus, the dwell conditions (initial conditions) for the prescribed orbit are
The additional trajectory coefficients γ 1 and γ 2 were selected to be
The high value for the flight path angle parameter γ 1 causes the aircraft to experience high wind shear which increases the dynamic soaring thrust and aid in the achievement of a high orbit [see Eq. (3)]. For this case, the airplane-relative circular turn radius r was set at 100 m. The wind profile model is that defined previously by Eq. (11) with the values of the roughness coefficient and reference height given by
Newton iteration was used to solve for the required reference wind speed that yielded an energy conserving orbit for the conditions prescribed. The resulting reference wind speed U ref was found to be 13.20 m/s as represented previously in Fig. 3 . The resulting dynamic soaring orbit and orbit parameters through one cycle are shown in Figs. 8 and 9. As seen the altitude is extreme (reaching a height of 185.1 m). The 200-m orbit width is consistent with the prescribed 100-m radius orbit. The aircraft travels a net downwind distance of 445 m over a period of 16.2 sec, giving an average downwind travel speed of 27.5 m/s (61.5 mph). Throughout the entire cycle, the sailplane must in effect crab into the wind, which accounts for the odd looking orientation of the aircraft relative to the flight path trajectory. From the view angle used to render Fig. 8 , the crab is most apparent near the point of maximum height.
Comparing orbit parameters through one cycle shown in Fig. 9 with the Barnes case in Fig. 7 , it can be seen that the lift coefficient is lower than that for the albatross case, which is in part due to the fact that the aircraft is flying at higher speed. The bank angle is higher, resulting from the high speeds and radius of curvature required which together result in a higher load factor. Overall the lift-to-drag ratio, load factor and all others show greater variation than for the albatross case. The load factor peaks near 6 at the end of the cycle while turning away from the ground to repeat the cycle. Clearly the high load factor and high speed combined are reasons why dynamic soaring orbits such as this are not observed in nature. From a practical . High-altitude dynamic soaring orbit parameters for one cycle (see Fig. 8 ).
standpoint, however, the trajectory and physical characteristics along the path are not extraordinary, apart from the unexpectedly high altitude achieved.
IV. Parameter Sweeps
In this section, parameter sweeps around the previous baseline are performed to explore the design space that can give rise to high-altitude dynamic soaring. The baseline values and the sweep ranges for the individual parameters are shown in Table 5 . The aircraft and orbit parameters used in the previous highaltitude dynamic soaring case are included in every sweep case. The sweep ranges for individual parameters were chosen so as to encompass a wide range to better define and outline the feasible design space. Twoparameter sweeps were performed with mass always being one and the other (see Table 5 ) was selected in turn from the following: aspect ratio, parasite drag coefficient, dwell speed, dwell height, orbit flight path angle parameter, and orbit radius. The latter three affect the final orbit altitude because they define the trajectory relative to the aircraft, while for the others the maximum orbit height is set by the baseline values yielding the maximum height of 185.1 m for an orbit starting at the baseline dwell height of 5 m. For all cases, the wing planform efficiency was fixed at the baseline value (e = 0.9).
As before, the numerical solution was framed to yield the required reference wind speed giving rise to energy-conserving dynamic soaring orbits. Thus, the reference wind speed is the primary dependent quantity of interest in all cases. In the graphics presented, the reference wind speed U ref scale was stopped at 25 m/s because speeds in this range and above are rarely attained over open fields in conditions amenable to piloted dynamic soaring. In cases were the orbit changes, the maximum altitude is also a dependent quantity, and this data is presented as well.
It is worth mentioning that for all orbits in this section (and before) the aircraft stays within the boundary layer. Also, in cases where an increase or decrease of a baseline parameter resulted in a physically unrealizable energy-conserving orbit, the baseline parameter was chosen as the upper or lower bound for that sweep case. These baseline-bounded sweep cases correspond to those with '-' given in Table 5 .
A. Effects of Aircraft Properties
Figures 10-12 show the required reference wind speed for changing aircraft mass along with span, aspect ratio, and parasite drag coefficient, respectively. In all figures, the baseline case is shown for comparison by a single circle symbol. What is immediately clear is that increasing mass lowers the required wind speed for sustaining energy-conserving dynamic soaring orbits. In fact, as all trends indicate, the mass of the baseline case is the most favorable, and clearly a higher mass would further reduce the required wind speed.
The effect of higher mass is consistent with prior studies indicating that high wing loading is beneficial to dynamic soaring performance. The reason for this relates back to Fig. 1 which shows the main driver behind dynamic soaring thrust. The longer a sailplane can penetrate into the wind, the more time there is for dynamic soaring thrust to be produced and thereby increase the aircraft energy and sustain the perpetual orbit. Thus, sailplanes with higher mass (higher wing loading) are able to more efficiently sustain the condition (penetration into the wind) that gives rise to dynamic soaring thrust.
In each of these cases, the trajectory "schedule" is the same, that is, the flight path angle along the orbit as a function of heading ψ is the same, and also the circular orbit relative to the aircraft is the same (r = 100 m). Consequently, the maximum height of the orbits is constant and same as the baseline (185.1 m), Since the higher wing loading cases all trend toward requiring less wind to achieve the same maximum altitude of 185.1 m, they are said here to be more "efficient." Thus, reference here to higher efficiency relates to a lower required wind speed to sustain dynamic soaring.
The effects of sailplane span shown in Fig. 10 are a direct result of changes in wing loading. For a given aircraft mass, decreasing the span with fix aspect ratio (AR = 20) results in lower wing area and consequently higher wing loading. The trends show that a span smaller than the baseline would be even more efficient. It must be considered, however, that a smaller span would correspond to a smaller airplane with what might become an exceptional high weight. At some point with such a high wing loading managing to launch and land such an airplane could prove to be one of the largest challenges to successful extreme-orbit dynamic soaring. Figure 11 shows the effects of changing aspect ratio with all else constant except for changing mass as the second parameter. The result is clear that higher aspect ratios yield higher values for (L/D) max . Consequently, with higher aspect ratios less energy is lost due to drag and thus dynamic soaring becomes more efficient with a lower required wind speed. For reference, as shown in Table 6 the (L/D) max ranges from approximately 23 to 30 for aspect ratios of 15 to 25, respectively.
Lowering the parasite drag coefficient C D0 as shown in Fig. 12 produces results similar to those for increasing aspect ratio because of the direct effect on improving (L/D) max . As Fig. 12 shows, a sailplane configured like the baseline but with C D0 = 0.015 yields a reference wind speed near 10 m/s. For the standard height of z ref = 10 m, the corresponding reference wind speed is 14.72 m/s (see Table 1 ), which nearly matches the example weather case presented in Table 2 . The value C D0 = 0.015 is reasonable for a high-performance model-scale sailplane. For reference, as shown in Table 7 the (L/D) max ranges from approximately 24 to 31 for parasite drag coefficients of 0.025 to 0.015, respectively.
For all cases, the maximum load factor was between approximately 5 and 7 and occurred near ψ ≈ 225 deg (similar to that shown in Fig. 9 ). Also this point corresponds to the highest airspeed which was between approximately 66 and 71 m/s for all cases (with the maximum being 70.89 m/s corresponding to the case in Fig. 10 with m = 15 kg and b = 4.5 m). Figure 13 shows the effects of changing the dwell speed, which is the initial orbit speed. As before, all other parameters are held constant apart from sweeping mass. Generally, a higher dwell speed increases the speed around the entire orbit, and to sustain this higher speed more wind shear is required. Consequently a higher reference wind speed results from increasing the dwell speed as shown in Fig. 13 . At a dwell speed much below 65 m/s, the solution for the highest mass does not converge because near the maximum height the airspeed slows to a point lower than stall speed.
B. Effect of Initial Condition -Dwell Speed
C. Effects of Trajectory Parameters
The three main trajectory parameters are the initial height z D , flight path parameter γ 1 , and orbit radius r. With all else fixed, z D as the direct effect of increasing the maximum altitude because it merely shifts the entire orbit up by the increment in z D based simply on the fixed orbit shape defined by r and γ 1 . However, moving the orbit up makes it less efficient because the sailplane does not benefit as much from the stronger wind shear near the surface. This resulting effect on efficiency is clearly shown in Fig. 14, and Fig. 15 shows the simple one-for-one result of incremental higher maximum altitude with each increment in dwell height. It is worth noting that a dwell height of 3 m gives a wing tip clearance approaching 1.5 m, which is most likely beyond the skills of a pilot to manage reliably.
The effect of changing the flight path angle parameter is shown in Fig. 16 . An increase in this parameter γ 1 causes the flight path angle to increase around the entire orbit, making it more inclined to the wind. As this orbit becomes more inclined, the maximum height is increased based on simply the geometry of the orbit, and this result is shown in Fig. 17 . The baseline is the bounding case for which the maximum altitude is 185.1 m, and from the results shown in Fig. 16 a further increase in the inclination of the orbit would not make it more efficient, i.e. it appears that the point of diminishing returns has been nearly reached with a minimum reference wind speed of 13.20 m/s (see Fig. 16 ) corresponding to the baseline case. With the dwell speed fixed for this two-parameter sweep, it is not surprising to find that for all cases the maximum speed is between 66 and 68 m/s near ψ ≈ 225 deg. The maximum load factor stays between approximately 5 and 6. Changes in the orbit radius are shown in Fig. 18 . The orbit radius, as mentioned before, is the radius of the ground trace of the orbit that the aircraft "sees" itself flying. For the fixed flight path angle schedule [see Eq. (10)], a larger radius magnifies the orbit size which results in a higher maximum orbit altitude as shown in Fig. 19 . As expected with the maximum speed set mainly by the dwell speed, the load factor in this case was driven by the radius. In particular, with these changes in radius, the maximum load for the 6-kg case changed from 9.2 to 5.6 for radii of 60 to 110 m, respectively. Correspondingly, for the 15-kg case, the load factor peaked at 5.6 to 5.1 for radii of 60 to 110 m.
The trend shown in Fig. 18 departs from that discussed so far. For mass on the lower side of the range, say, m = 8 kg, the orbit with the larger radius reaching a higher altitude (Fig. 19 ) requires a higher reference wind speed, but this same trend does not occur on the upper bound with m = 15 kg where the reference wind speed is approximately the same for any radii (any maximum height). Beyond this point (not shown) the curves cross over with the higher radius case becoming the most efficient. Or put somewhat differently, there appears a minimum for each curve, each in turn. This minimum point (which results in overlapping curves 19 ) happens as a result of the tradeoff between parasite drag and induced drag. For the 60-m radius case (or any case for that matter), dynamic soaring is less efficient at lighter wing loadings (lower mass) because of high parasite drag; whereas, at higher wing loadings it is less efficient because of high induced drag (with induced drag being proportional to span loading). At some point between having either high parasite drag or high induced drag there is a minimum required reference wind speed, which corresponds to the minimum required shear that has been the subject of numerous other investigations on dynamic soaring, e.g. Refs. 4 and 6.
D. All Favorable Characteristics Combined
Based on the trends within the ranges considered, the most favorable case is given in Table 8 . For dynamic soaring over the full extent of the boundary layer (185.1 m), a reference wind speed of 8.81 m/s (19.07 mph) is required, and using Table 1 this corresponds to winds below those actual conditions given in Table 2 . At these conditions with the dwell speed of 65 m/s, the wing chord average Reynolds number ranges from ≈200,000 near peak altitude to ≈530,000 at the dwell conditions. Morever, the lift coefficient ranges from 0.16 to 1.12 from dwell to maximum altitude. 
V. Piloted Dynamic Soaring Simulation
High-altitude dynamic soaring that resembles the prescribed trajectories previously discussed was simulated in a piloted realtime flight simulator. In the simulator, the full 6-DOF equations of motion are solved using quaternions, and integration is carried out using a Runge-Kutta 4-th order scheme running at 300 Hz on a desktop PC. The aerodynamics are modeled based on a component build-up approach using table lookup for aerodynamic coefficients as functions of angle of attack, control surface deflections, etc. Table  lookup is also used for the vertical wind profile, with the particular wind profile shown in Fig. 20 which was constructed from a composite of near-ground measurements 24 and a standard power law winds-aloft model. Table 9 . The 4-m wingspan sailplane has characteristics somewhat similar to the previous baseline with a high lift-to-drag ratio and high wing loading ( Table 5) .
The particular simulator used is the commercial FS One TM RC flight simulator. 26 It allows for pilot input through a standard RC transmitter attached to a USB adapter connected to the computer. The simulator includes flight dynamics recording features that allow for saving state data recorded during simulation to a file. The particular recorded flight shown here comes installed with the original software. Figures 21 and 22 show the trajectory and orbit parameters for one nominal cycle. In this case, the cycle is defined to start and end at ∆ψ = −90 and 270 deg where the absolute initial heading ψ is 78.1 deg. Again the heading, ∆ψ in this case, is a surrogate time, or pseudo time. The total time for the segment is 11.5 sec over a distance of 399.9 m, making the net downstream travel speed 34.67 m/s (77.6 mph). The flight was flown using a strategy that was found by trial and error to maximize peak altitude as well as maximize downwind net travel speed. This flight was flown and recorded in the simulator in year 2006, and it provided in part the motivation for this research.
At a glance, the piloted trajectory appears somewhat different than the scheduled trajectory for the baseline shown in Fig. 8 , but for the most part these differences are related to the amount of crab when flying crosswind. The wind speeds aloft for the baseline and piloted flights are similar, but the greatest difference is in the wing loading with the baseline case being much higher. As a result the piloted sailplane cannot penetrate as much into the wind but instead drifts more downwind resulting in a ground trace that shows a cusp (Fig. 21 ) instead of a loop (Fig. 8) .
Because the airplane crabs into the wind by an amount that depends on the wind speed relative to the airspeed, plotting the effective time history vs absolute ψ (that is from ψ = −90 to 270 deg) is not the best point of reference. Instead, the time history has been plotted so that it begins at the dwell condition and ends downstream at the same initial heading, that is, ∆ψ = 360 deg later. This end point is close to but not necessarily the next dwell condition because the flight is piloted and hence not perfectly periodic. As a result, the initial and final conditions are slightly different. Nevertheless, it is clearly one orbit and can be compared with the baseline orbit. Figure 23 . Instantaneous orbit ground radius r computed from time history (see Fig.22 ).
The altitude reaches a peak near 120 m, which is the point around which the wind shear goes to zero. Thus, without wind shear, there is no possible energy extraction and consequently no possibility for sustaining energy conserving orbits higher than this point. It can be seen from the time history that there is a gain in energy (gain in energy height h e ) that starts near ∆ψ ≈ −60 deg as the sailplane turns into the wind and starts to climb. For this period of time, the flight path relative to the ground takes a near vertical climb to the peak, the energy height then begins to plateau and decay before starting to grow again with the downwind zoom near ∆ψ ≈ 135 deg. Overall the time history of the energy height is similar to that for the baseline, and this results directly from the tradeoff between speed and height, which are also similar to the baseline.
Not surprisingly with the orbit being similar to the baseline, the time histories for the flight path γ and bank angle φ are similar apart from the perturbations that are a direct consequence of the pilot controls. The elevator time history shows a gradual up-elevator command through the climb phase, and the lift coefficient increases as expected. Then upon turning downwind a slight amount of down-elevator command is used and the lift coefficient correspondingly drops (in a fashion that is most likely not optimal in terms of total orbit energy management). The aileron input is slight throughout the entire orbit and pulsed momentarily to a peak near 0.75 deg twice with small pulses given for minor bank angle corrections. Since these inputs are so slight their correspondence with bank angle is mostly imperceptible. Throughout the entire orbit the load factor is modest and appears to be at a peak near 4 corresponding with expected values for elevator input and lift coefficient. As mentioned before the initial and final values for this time history are not equal as is expected with active pilot input.
The flight path angle around the orbit has characteristics similar to that for the baseline scheduled flight path angle (Fig. 9) . For the baseline orbit, the turn radius is held fixed; whereas, for the piloted case the turn radius is driven by the pilot commands. Using Eq. (4), the instantaneous turn radius can be computed from the time history, and the result is shown in Fig. 23 . For this cycle the average radius is 78.9 m. The spike in radius around ∆ψ ≈ 180 deg occurs on the downwind leg. As mentioned, the flight was flown to also maximize downwind travel speed (besides maximizing height), and it was found that "stretching out" the downwind leg increased the downwind travel speed. The increase in radius is a direct indication of the period in time when the trajectory was less curved and directed more downwind.
The single dynamic soaring orbit shown in Fig. 21 was extracted from the full longer flight shown in Fig. 24 . The entire trajectory was piloted in realtime using only dynamic soaring to stay aloft. The flight begins at a point where z = 16 m (52.5 ft) at an airspeed of 35.4 m/s (79.2 mph). Symbols are drawn every 10 sec to give a sense of speed downwind; however, specifically the full recording shown lasted 244.2 sec over a total distance traveled of 8626 m giving an average downwind speed of 35.32 m/s (79 mph). The single orbit shown in Fig. 8 starts at x = 3315.4 m in this larger time history. Figure 25 shows the elevation history for the same flight with symbols again space 10 sec apart.
What can be gleaned from the full flight is that as expected if one orbit can be successfully completed a full continuous series can be completed indefinitely. More importantly, however, it does demonstrate that piloted dynamic soaring over land is likely possible with the right combination of weather, wind, airplane characteristics, and pilot skills. Another interesting element is that the sustained dynamic soaring does not need to begin from a full larger orbit. As Fig. 25 shows, the peak height of each orbit builds over time from a point with initial conditions that are easily physically realizable. Also, the orbit does not require flying over the full extent of the boundary layer, which is advantageous when one considers that in any long flight like this there will likely be ground obstructions that must be avoided to prevent collisions. Finally, after the orbit has been sustained with near regular periodicity, the elevation fluctuates which illustrates that the trajectory is robust, and thus the trajectory is also likely to be robust to turbulence.
As a final comment, the piloted simulation supports the suggestion that dynamic soaring can be synchronized with the natural phugoid-type motions.
3 Using the average airspeeds of 51.5 and 42.4 m/s for the prescribed trajectory baseline orbit (Fig. 8 ) and the piloted flight (Fig. 21) , yields phugoid time periods [T ≈ π √ 2(V /g)] of 23.34 and 19.20 sec as compared with the actual orbit times of 16.2 and 11.5 sec, respectively. These differences in times between the longitudinal phugoid mode and the "dynamic-soaring phugoid" mode must be related to the non-linear effects of dynamic soaring, that is, wind shear (energy extraction), large angle of attack changes, and the fact that dynamic soaring involves turning. The common denominators between longitudinal-flight phugoid and the "dynamic-soaring phugoid" are the following: 1) both involve a tradeoff between kinetic energy and potential energy, 2) both happen over a relatively long period, and 3) both require no input from the pilot. To elaborate on the latter point, it was found to be easy in the simulator to perform piloted dynamic soaring in the atmospheric boundary layer because over a period of time the sailplane could be "trimmed" to fly the orbits in what seemed like synchronization between the dynamic soaring orbit and the "dynamic-soaring phugoid" with only minuscule ("no") pilot corrections required.
VI. Conclusions
Based on the results presented in this paper, extreme dynamic soaring to high altitudes over open land in high (realistic) wind conditions appears feasible. Both a point-mass prescribed trajectory simulation and a 6-DOF piloted simulation show that the achievement of dynamic soaring from the ground to near the edge of the atmospheric boundary layer (where the wind shear approaches zero) is an extension of the type of dynamic soaring performed by the albatross. Significant differences are, however, higher airspeeds required (65 m/s) and high load factors (6 to 9). Reference wind speeds between approximately 15-20 m/s (for z ref = 10 m) are required for sailplanes with wingspans near 3 m with wing loadings in the range ≈12-30 kg/m 2 depending on the amount of wind shear. For such conditions, energy-conserving dynamic soaring orbits from ground level to 120-180 m in wind shear appear possible. Finally, flight under these conditions requires little pilot workload with only minor pilot inputs required to maintain consistent and robust high-energy dynamic-soaring orbits over land.
